Objective: The anatomy of the human pupillary light reflex (PLR) pathway is a matter of debate.
RAPD contralateral to the side of the lesion is also observed in optic tract lesions, which are characterized by incongruent homonymous visual field defects (HVFDs) and asymmetric bilateral optic disc atrophy. 2 The proposed pathogenesis for the presence of a contralateral RAPD in an optic tract lesion is based on the greater nasal photoreceptor density, a ratio of crossed to uncrossed fibers in the chiasm of 53:47 and a temporal visual field 61% to 71% larger than the nasal field. 3 A tract lesion disrupts fibers from the contralateral nasal retina and the ipsilateral temporal retina, thus disproportionally diminishing input from the contralateral eye and producing a corresponding RAPD. 4 Furthermore, a RAPD has also been described in patients with congenital occipital hemianopia. The suggested mechanism is transsynaptic optic tract atrophy after intrauterine or perinatal damage to the suprageniculate visual pathway, which presumably affects also the afferent pupillary fibers to the pretectal area of the mesencephalon. 5, 6 Therefore, the detection of a RAPD in acute homonymous hemianopias has been commonly used in differentiating infrageniculate from suprageniculate lesions, since neither optic atrophy nor a RAPD should occur in acquired affections of the optic radiation or the visual cortex. 3, [7] [8] [9] However, the presence of a RAPD in acquired suprageniculate lesions and the underlying anatomic pathway are still a matter of debate, mainly because of numerous studies, reporting disturbances of the PLR in patients with HVFDs due to lesions not involving the optic tract. In the early 1940s and later elaborated investigations by several authors had already shed some doubt on the validity of Wernicke's model of a direct retinal-pretectal connection. 1 Furthermore, pupillary hemihypokinesia-that is, reduced or absent pupillary reaction to perimetric stimuli in the blind part of the visual field-was observed in all kinds of postchiasmal lesions. [10] [11] [12] [13] These early clinical reports were later confirmed by other groups using modern pupillometric techniques. [14] [15] [16] [17] In addition to the former studies, a clinically relevant RAPD, as a response to full-field light stimulation, was also reported in suprageniculate lesions, if the damaged area is close to the LGN. 18 Many theories have been developed to explain these phenomena, the most prominent pointing out that the integrity of the pupillomotor response depends upon or is influenced also by the occipital cortex. [19] [20] [21] [22] However, the anatomic evidence is still limited to make any clear conclusions.
The aims of this study thus were 1) to assess the presence and magnitude of the RAPD in patients with HVFDs due to cerebrovascular lesions in the posterior and middle cerebral artery territories, and 2) to analyze the association of the pupillary findings with the location and extent of the cerebral lesions. Further, the present study suggests 3) a new strategy of lesion analysis by combining established techniques with the stereotaxic probabilistic cytoarchitectonic atlas developed by the Jü lich group. 23, 24 In contrast to the reference brain of the Talairach and Tournoux atlas, 25 or the Montreal Neurological Institute (MNI) single subject or group templates, 26,27 these probabilistic cytoarchitectonic maps provide stereotaxic information on the location and variability of cortical areas in the MNI reference space. They are based on the analysis of the cytoarchitecture in a sample of 10 human postmortem brains and already are available for various brain regions (http:// www.fz-juelich.de/ime/ime_brain_mapping).
METHODS Twenty-three patients with HVFDs (16 men and 7 women), with a mean age of 50.5 years (age range: 21 to 74 years, SD 17 years) were enrolled in this study (appendix e-1 on the Neurology ® Web site at www.neurology.org).
Patients were recruited from the Centre for Ophthalmology at the University of Tü bingen (Germany), the University Neurology Clinic of Tü bingen, as well as the Neurology Clinic of Buerger Hospital in Stuttgart and the Bad Urach Rehabilitation Center. All patients had a homonymous visual field defect, varying from a complete homonymous hemianopia to homonymous paracentral scotomas. The cause was a unilateral vascular brain lesion in the territories of the posterior or middle cerebral arteries, which was documented by MRI. There were 12 patients with right-sided and 11 patients with left-sided lesions. Best-corrected monocular (near and distant) visual acuity was at least 16/20. Patients with unilateral cataract, marked anisocoria, amblyopia, strabismus, ocular motility disorders, optic nerve diseases, glaucoma, advanced diseases of the retina, or funduscopic signs of bilateral asymmetric optic disc atrophy, which could indicate an optic tract involvement, were excluded from this study. The median time since lesion onset and the neuroophthalmologic investigation used for the present analysis was 1 year (range 0.3 to 11.2 years, appendix e-2). The RAPD was assessed clinically by means of the swinging flashlight test. This test was selected because it represents an easy-to-apply, clinical examination, which provides reliable results about visual sensory dysfunction immediately. 28 The aim was to detect the degree of asymmetry between both eyes regarding the pupillary light reflex, which is independent of the absolute pupillary responses. Therefore only the relationship of responses between both sides (RAPD) was investigated: in a dark room an indirect ophthalmoscope as a light source was held below the level of the line of sight, with its light beam elevated at about a 45 degree angle. Initially pupil size was assessed under two different ambient light conditions in order to detect the presence of anisocoria. If no anisocoria was found and the pupils responded well to the light stimulus, then one eye was illuminated, and after 2 to 3 seconds, the light was shifted quickly to the contralateral eye. The process was repeated four or five times. A RAPD was defined in case of a pathologic swinging flashlight test: if the consensual response of the pupil was better than the direct, an ipsilateral RAPD was diagnosed, while if the direct response was better than the consensual, a contralateral RAPD was diagnosed. Using neutral density filters of varying strength, we measured the magnitude of a RAPD, by weakening the light stimulus as it was presented to the better eye. The filters were separated in 0.3 log unit steps from 0.3 to 1.8 log units. A RAPD was defined as any asymmetry of 0.3 log units or more, while any asymmetry below 0.3 log units was defined as a RAPD 0. In order to test the reproducibility and reliability of the results, all pupil examinations were carried out by two independent examiners, a senior neuro-ophthalmologist (U.S.) and a resident (E.P.). Both ophthalmic examiners were blinded to the perimetric and the imaging results. Agreement between examiners regarding the presence and magnitude of a RAPD was 0.74 (SE 0.13), assessed by Cohen's kappa. All analyses were performed according to the findings of the senior neuro-ophthalmologist (appendix e-1, Examiner 1).
Mapping and analysis of lesion location was carried out by two experimenters (H.-O.K. and L.F.T.) without knowledge of test results and clinical features of the patients. For lesion delineation, diffusion-weighted imaging (DWI) was used within the first 48 hours post-stroke and weighted fluidattenuated inversion-recovery (FLAIR) sequences when imaging was conducted 48 hours or later after stroke. Two cases with marked perifocal edema or marked hemorrhage leading to a significant shift of anatomic structures were excluded. The median time between stroke and imaging used for the present analyses was 4.5 days (range 0 to 200 days, appendix e-2). In one subject (No. 15) the original scans were of low quality such that new MRI scans were obtained at 11.2 years after the brain lesion. Brain imaging had typically preceded the neuro-ophthalmologic examination (median time between imaging and neuro-ophthalmologic examination 1 year, range 0.3 to 9.9 years, appendix e-2).
In 8 of the 23 patients with HVFDs, MR images were available in digital format. In these cases, the boundary of the lesion was delineated directly on every single transversal slice of the individual MRI using MRIcro software (http:// www.mricro.com). 29 Both the scan and lesion shape were then transformed into stereotaxic space using the spatial normalization algorithm provided by SPM2 (http://www.fil-.ion.ucl.ac.uk/spm/), using default settings. For determination of the transformation parameters, cost-function masking was employed. 30 In 15 of the 23 cases MRI data were not available in digital format. In these cases, MRIcro software was used to manually map the lesion on transversal slices of the T1-template MRI from the MNI (www.bic.mni.mcgill.ca/cgi/icbm_view) distributed with MRIcro. Lesions were mapped onto the slices that correspond to Z-coordinates Ϫ40, Ϫ32, Ϫ24, Ϫ16, Ϫ8, 0, 8, 16, 24, 32, 40, and 50 mm in MNI coordinates by using the identical or the closest matching transversal slices of each individual. Since the right and left visual pathway can be considered identical regarding anatomy and function, for the anatomic analysis the left-sided lesions were mirrored and superimposed on the right side of the brain template.
To identify the anatomic structures that were commonly affected in patients showing the disorder (here the RAPD) but were typically spared in patients without the disorder, we here used a new combination of the established lesion subtraction analysis 31 with the stereotaxic probabilistic cytoarchitectonic atlas, the latter developed by the Jü lich group. 23, 24 Subtraction plots directly contrast patients with stroke showing vs not showing the disorder. Since subtractions were made between groups of different sizes proportional values were used. Subsequently, the resulting subtraction image was plotted onto maps of the stereotaxic probabilistic cytoarchitectonic map of the optic radiation by Bürgel and coworkers. 32, 33 This map illustrates the relative frequency with which a certain fiber tract of 10 normal human brains was present on a MNI reference brain in a voxel (e.g., a 50% value of a fiber tract in a certain voxel of the reference brain indicates that the fiber tract was present in that voxel in 5 out of 10 brains). The probabilistic cytoarchitectonic map thus serves as a measure of intersubject variability for each voxel of the reference space.
RESULTS
A RAPD was present in 10 out of 23 patients and was located contralateral to the affected hemisphere in all 10 cases. The median magnitude was 0.3 log units (six patients) and the range was between 0.3 and 0.9 log units. A RAPD of 0.6 log units was demonstrated in three patients and one patient showed a RAPD of 0.9 log units. Patients 1, 7, 11, 12, and 17 were reexamined at least three times over a time span of 1 year after the brain lesion. The pupillary findings remained constant in all cases. Figure 1A illustrates simple lesion overlay plots for the group of patients with a RAPD and the group without a RAPD. To identify the anatomic structures that were commonly affected in patients with a RAPD but were typically spared in patients without a RAPD, we subtracted the superimposed lesions of the group without a RAPD from the patient group with a RAPD, revealing percentage overlay plots. Figure 1B illustrates these results. We found the center (orange) of the subtracted lesion overlap associated with a RAPD in the subcortical temporal white matter, extending further into superior temporal cortex. To analyze the anatomic relationship of this center with the location of the optic radiation, we plotted it onto the recently developed probabilistic cytoarchitectonic map of the optic radiation by Bürgel and coworkers. 32, 33 Figure 2 illustrates the result. We found the region commonly affected in patients with a RAPD but typically spared in patients without a RAPD primarily at the early beginning of the course of the optic radiation in the temporal white matter. In absolute numbers 6 of the 10 patients with a RAPD (60%) had a lesion in this area, while in only 1 of the 13 patients without a RAPD (8%) this area was affected. The difference was significant (Fisher exact p ϭ 0.019) .
The mean percentage of left or right hemisphere tissue affected in patients with a RAPD was 10.6%, while it was 4.5% in patients without a RAPD. A statistical comparison revealed no significant difference in the lesion volume between both groups of patients (t ϭ 1.686, df ϭ 11, twotailed p ϭ 0.12, unpaired t test for unequal variances).
DISCUSSION
The PLR has for a long time been associated with subcortical projections, and this was consistent with some clinical observations which suggest that the pupils continue to respond, even when the patients are cortically blind. 34 , 35 Wernicke's model of a direct retinalpretectal interaction explained these observations well and the PLR was thought to be associated with a single subcortical neural pathway until the early 1940s. Since then, numerous studies have examined the effect of visual cortical lesions on the PLR. The results-either the presence of pupillary hemihypokinesia in the blind part of the visual field or a RAPD contralateral to the brain lesion, as a response to full-field light stimulation-often contradicted this classic belief and provided evidence that the PLR is not just a pure subcortical pathway. 18, 22 However, the exact anatomic pathway remained unknown.
Using a new strategy of lesion analysis by combining established subtraction techniques 31 with the stereotaxic probabilistic cytoarchitectonic atlas developed by the Jü lich group, 23, 24, 32, 33 our findings suggest that a region in the early course of the optic radiation in the temporal white matter, close to the LGN, seems to be associated with the presence of the RAPD. This finding is consistent with the hypothesis that the connection between visual pathways and pretectal area in the dorsal midbrain is probably closely related to the LGN. 4, 18, [36] [37] [38] It has been found that a RAPD in suprageniculate homonymous hemianopsia occurred in approximately half of all patients with lesions closer than 10 mm to the LGN or involving it but sparing the optic tract. 18 In lesions further than 18 mm away from the LGN, a RAPD did not occur at all. The authors concluded that the RAPD was probably not caused by a lesion of the visual pathway itself, but by a lesion of the intercalated neurons between the visual pathway and the pupillomotor centers in the pretectal area of the midbrain. This assumption is strengthened by several cases of a RAPD with normal visual function in lesions close to the LGN or pretectal Simple lesion overlay plots for the group of patients with relative afferent pupillary defect (RAPD positive) and the group without RAPD (RAPD negative) and subtraction of the superimposed lesions of the control group (without RAPD) from the overlap image of the group with RAPD (A) Simple lesion overlay plots for the group of patients with RAPD (RAPD positive) and the group without RAPD (RAPD negative). Overlapping lesions are color-coded with increasing frequency from violet (n ϭ 1) to red (n ϭ 10 for RAPD positive; n ϭ 13 for RAPD negative). MNI z-coordinates of each transverse section are given. (B) Subtraction of the superimposed lesions of the control group (without RAPD) from the overlap image of the group with RAPD. The center of the subtracted lesion overlap (orange area) indicates regions damaged at least 40% more frequently in patients with RAPD than in patients without RAPD.
region as well as by reports of optic tract lesions without a RAPD. 4, 28, [37] [38] [39] [40] [41] [42] [43] [44] The present findings also support the concept of cortical input into the PLR (figure 3), which may enter the PLR pathway via the area depicted in figures 1B and 2. Therefore, disturbed processing of signals along this part of the geniculostriate pathway can lead to a RAPD.
Another explanation could be that some afferent pupillomotor fibers of infrageniculate origin bypass the LGN and then travel through this critical area to the mesencephalon. Consistent with the aforementioned study, we draw a similar conclusion about a suprageniculate effect, although the site identified in the present study is located more distantly from the LGN.
Since the description of an impaired PLR in the blind field of subjects with definitely suprageniculate lesions a number of speculative suggestions have been offered to explain this finding. 10, [12] [13] [14] It was hypothesized that transsynaptic degeneration could occur, either retrogradely across the geniculate synapse or into the pretectal area from the neocortical visual system, in line with former observations on cortico-pretectal interaction. 10, 14, [45] [46] [47] [48] However, in the case of transsynaptic degeneration, one would expect that the RAPD would develop slowly, being found not earlier than months or years after the occipital lesion, and that in salient instances, optic disc atrophy should be observed. In the present study cohort, the RAPD in Patient 17 was demonstrated already a few days after the cerebral infarct and remained constant in the follow-up examinations, without any signs of optic disc atrophy. The pupillary findings in Patients 1, 7, 11, and 12 also remained constant in at least three re-examinations over a time span of 1 year after the brain lesion. Clinical observations have also provided evidence that transsynaptic degeneration in adults is still not convincing. 49 In our series, there were no funduscopic signs of partial optic atrophy in patients with a RAPD, thus indicating suprageniculate lesions. The time span between lesion and clinical examination exceeded 4 months in all cases; therefore the subsequent optic atrophy by a potential affection of the optic tract should already be visible, since the period necessary for retrograde degeneration following a pregeniculate lesion is estimated to be about 6 weeks. 49 Potential models of cortico-pretectal interaction, which could be in accordance with our findings, have already been described. 50 It was observed that in patients with retrogeniculate hemianopsia the PLR in the blind hemifield was reduced but not absent. However, all the other specific, "higher" pupil responses to stimulus attributes, like stimulus color, structure, or motion, were completely lost. Therefore, it was considered that two or more distinct channels could serve the PLR: a more primitive "luminance channel," which connects the retina directly with the pretectal area and responds to diffuse light, and a
Figure 2
Probabilistic cytoarchitectonic map of the optic radiation by Bürgel and coworkers 25, 26 The color bar indicates the absolute frequency of voxels containing the optic radiation from 1 (dark blue) individual brain to 10 (red, overlap of all 10 [maximum] brains). The superimposed pink contour represents the center of the subtracted lesion overlap obtained in the present study (see orange area in figure 1B ).
Figure 3
Schematic drawing of the pupillary light reflex pathway (figure modified from Wilhelm 21, 52 ) Afferent fibers from the retina travel in the optic nerve (ON) and undergo hemidecussation at the optic chiasm before entering the optic tract (OT). Close to the lateral geniculate nucleus (LGN) the fibers branch from the optic tract and pass through the brachium of the superior colliculus to reach the ipsilateral pretectal nucleus. However, there seems to be more input from suprageniculate neurons and the occipital cortex (CI). The exact anatomy of this connection is still unclear. Our data support that the site of integration of cortical signals in relation to the PLR into the pupillomotor pathway may be located suprageniculately in the early course of the optic radiation near the LGN (figure 2). Intercalated neurons (IN) from each pretectal nucleus then project to both Edinger-Westphal nuclei (NEW). Parasympathetic outflow from the Edinger-Westphal nuclei travels then with the oculomotor nerve (N.III) to the ciliary ganglion (CG) and via the short ciliary nerves (SCN) reaches the iris pupillary sphincter muscle. PT ϭ pretectal area.
"pattern channel," which is mediated suprageniculately and responds to shifts in structured stimuli, like isoluminant grating, motion, and isoluminant color stimuli. According to the authors, the PLR is primarily mediated by the luminance channel and to a smaller extent by the "weaker," suprageniculate pattern channel. This explanation could possibly account for the comparatively small magnitude of the RAPD (predominantly 0.3 logU) in the majority of patients in the present study. Although these previous studies refer to pupillary hemihypokinesia, this model can also explain the presence of a RAPD in suprageniculate lesions of this critical region near the LGN. It is plausible that the critical area in the immediate vicinity of the LGN (figure 2) contains suprageniculate projections of the so-called "pattern channel" to the mesencephalon. A corticomesencephalic interaction should thus not be surprising, if one considers the selective loss of pupil color response in cerebral achromatopsia and the pupil near response, which must also be mediated by a similar cortical input to the Edinger-Westphal nuclei. 34 Recent studies assessing the various components of the pupil response that have been affected in subjects with damage to the dorsal midbrain (Parinaud syndrome) have also demonstrated that there was a small, residual PLR and preserved reactions to pattern and color stimuli as well as preserved pupillary sleepinessrelated oscillations. 22 The authors suggested the existence of a cortical input to the pupillary pathway, since the retinal afferent input to the pretectal nuclei had been apparently damaged. 22 The present results are still subject to interpretation, because our study has some limitations. One could stem from the resolution capacity of the imaging methods that are currently available. It cannot be excluded that our patients had additional, subclinical lesions affecting mesencephalic structures, i.e., the pretectal area or the vicinity of the oculomotor nucleus, which could possibly explain the presence of the RAPD. However, modern MRI techniques already provide anatomic information from living human beings with very high precision. By using FLAIR sequences, we excluded cases with marked perifocal edema or significant shift of anatomic structures. However, some tract or midbrain compression from secondary swelling may have occurred. Under-recognition of such cases, either due to slight effects or to changes undetectable with the current methods, is a further limitation of our study. Additionally, one could argue that the exclusion of patients with pregeniculate lesions was done funduscopically by two examiners (U.S. and E.P.), by detecting signs of bilateral asymmetric optic disc atrophy. However, it is very unlikely that the RAPD in all 10 patients was caused by an ophthalmoscopically and radiologically invisible pregeniculate or midbrain lesion, since special attention was paid in exactly excluding these cases. Secondly, it is well-known that lesions of the optic tract are seldom causes of homonymous visual field defects. Finally, interindividual variation in the connections between the visual pathway and the pupillomotor nuclei of the mesencephalon should be considered when trying to construct anatomic models.
Furthermore, the findings are based on the classification of patients according to a threshold of a RAPD of 0.3 log units. In a recent study, a RAPD of 0.3 log units was present in 2 of 102 healthy subjects. 51 Higher RAPDs were not found in the sample. These results, that were derived from a large number of normal subjects and were confirmed by means of modern pupillography, support the use of the threshold of 0.3 log units as a pathologic limit. On the other hand, a certain limitation of our study derives from a theoretically possible overlap between the groups with/ without a RAPD. This may be due to the rather rough threshold of 0.3 log units used for the division into groups, which was assessed clinically with a certain variability of estimation. However, in order to increase the reliability of results, two independent examiners assessed the RAPD in all patients, resulting in substantial agreement. The use of neutral density filters with a transmission of 0.3 log units further aided in the detection and quantification of a RAPD. Moreover, according to the finding that 2 in 102 normal subjects show a RAPD of 0.3 log units, the expected number among the same number of normal subjects as patients in the present study would be less than one. Since there are six patients with a RAPD of 0.3 log units, it cannot be attributed to a normal pupillary system in more than one of the six cases and it seems therefore rather unlikely that RAPDs of 0.3 log units occurred independently of the brain lesion. 51 The fact that the RAPD in the present study as well as in previous ones was always located contralateral to the brain lesion further supports the belief that its presence is not coincidental. 18 
